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ABSTRACT
We performed near-diffraction-limited (' 0.′′4 FWHM) N -band imaging of one of the nearest Active Galactic Nucleus
(AGN) in M51 with 8.2m Subaru telescope to study the nuclear structure and spectral energy distribution (SED) at
8–13 µm. We found that the nucleus is composed of an unresolved core (at ' 13 pc resolution, or intrinsic size corrected
for the instrumental effect of < 6 pc) and an extended halo (at a few tens pc scale), and each of their SEDs is almost
flat. We examined the SED by comparing with the archival Spitzer IRS spectrum processed to mimic our chopping
observation of the nucleus, and the published radiative-transfer model SEDs of the AGN clumpy dusty torus. The halo
SED is likely due to circumnuclear star formation showing little Polycyclic Aromatic Hydrocarbon (PAH) emission due
to the AGN. The core SED is likely dominated by the AGN because of the following two reasons. Firstly, the clumpy
torus model SEDs can reproduce the red mid-infrared continuum with apparently moderate silicate 9.7 µm absorption.
Secondly, the core 12 µm luminosity and the absorption-corrected X-ray luminosity at 2–10 keV in the literature follow
the mid-infrared–X-ray luminosity correlation known for the nearby AGNs including the Compton-thick ones.
Keywords: galaxies: active — galaxies: individual (M51) — galaxies: nuclei — infrared: galaxies
∗ Based in part on data collected at Subaru Telescope, which is operated by the National Astronomical Observatory of Japan.
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1. INTRODUCTION
The dusty torus around Active Galactic Nucleus (AGN) is a key component in a unification theory of AGNs
(Antonucci 1993; see also Netzer 2015 for a recent review). Such torus is originally introduced to hide broad line
region, another key component in the unification theory, from observers’ line-of-sight for type-2 AGNs in the optical
and near-infrared (NIR) wavelengths. In the unification theory, the torus is also responsible for major characteristics
of AGNs at X-ray and mid-infrared (MIR) wavelengths. X-ray emission, especially in the soft X-ray band, from the
central part of the AGN is absorbed by gas within the torus. The observed absorption is larger for type-2 AGNs due to
the dusty torus intercepting along the line-of-sight, and most X-ray emission below 10 keV is absorbed in the extreme
Compton-thick case (NH > 1.25 × 1024 cm−2, where NH is the hydrogen column density). MIR emission from the
AGN is dominated by thermal emission of the dusty torus heated by the AGN. Silicate feature around 9.7 µm is often
seen either in absorption or emission when the torus is seen edge-on or pole-on, respectively, by the observers.
Recent MIR studies have provided us with much more realistic view of the central part of the AGNs. Spitzer studies of
nearby Compton-thick AGNs have shown that even Compton-thick AGNs, especially low-luminosity ones, often show
only modest–moderate silicate absorption at 9.7 µm (e.g., Hao et al. 2007; Goulding et al. 2012). Classical smooth
torus model, such as one of Pier & Krolik (1992), predicts deeper absorption in proportion to the X-ray absorption
column density. On the other hand, if the torus is made of collection of clouds, each cloud is heated to ∼ 300 K to
emit MIR emission while absorbing the background light when the foreground cloud is cooler than the one behind.
The radiation transfer effect among the clouds significantly reduces the net silicate absorption even when the torus is
seen edge-on (Nenkova et al. 2002; Ho¨nig et al. 2006; Nenkova et al. 2008a,b; Ho¨nig & Kishimoto 2010; Stalevski et al.
2012, 2016). Meanwhile, recent MIR interferometric studies of nearby AGNs have started to directly reveal the dust
distribution in the vicinity of the AGNs at parsec scales. In some best studied AGNs, extended optically-thin dust
emission elongated toward the system’s polar direction (e.g., direction of the extended narrow line region or outflow)
is typically found in addition to the compact disk-like component (e.g., Raban et al. 2009; Ho¨nig et al. 2012; Tristram
et al. 2012; Ho¨nig et al. 2013; Tristram et al. 2014; Lo´pez-Gonzaga et al. 2016; see also Asmus et al. 2016 for the single
dish study; see Netzer 2015 for a review). Such extended polar emission is clearly inconsistent with the classical idea
of the dusty torus in the unification theory, and its nature is under debate. Some proposed ideas are that it originates
from the inner funnel of an extended dust distribution above and below the torus and/or the dusty outflow within the
ionizing cone that is radiatively driven from the inner wall of the compact dusty torus (e.g., Ho¨nig et al. 2012; Keating
et al. 2012; Roth et al. 2012; Ho¨nig et al. 2013; Tristram et al. 2014).
M51 (NGC 5194) is a very nearby (7.1 Mpc; Taka´ts & Vinko´ 2006; 1′′ corresponds to 34.4 pc) Compton-thick AGN.
It is one of the nearest AGNs, and is even closer than the best studied Compton-thick AGN NGC 1068 (14.4 Mpc).
Although the AGN in M51 (0.07 Jy for the unresolved core component at a resolution of 0.′′4 full-width at half
maximum (FWHM) at 11.2 µm; §2.2) is much fainter than that of NGC 1068 (8.7 Jy within a central 0.′′4 aperture
at 11.6 µm; Mason et al. 2006), it has been studied in great detail, thanks to its proximity. The hard X-ray emission
from the AGN was discovered by GINGA (Makishima et al. 1990), and its Compton-thick spectra have been analyzed
in more detail by using the succeeding X-ray satellites (Terashima et al. 1998; Fukazawa et al. 2001; Panessa et al.
2006; Brightman & Nandra 2011; LaMassa et al. 2011). Extended AGN-related activities such as radio jet (e.g., Crane
& van der Hulst 1992; Bradley et al. 2004; Rampadarath et al. 2015), optical narrow line region nebula (e.g., Cecil
& Rose 1984; Bradley et al. 2004), and soft X-ray nebula (Terashima & Wilson 2001) have been known. Torus-like
structures at ∼ 100 pc scale have been claimed in the 1990s by several authors, although they are not likely the torus
in light of recent advanced high-resolution infrared interferometric studies of nearby AGNs (e.g., Kishimoto et al.
2011; Burtscher et al. 2013). Those include disk-like rotating dense molecular gas cloud at ∼ 100 pc scale with HCN
(J = 1 − 0) emission (Kohno et al. 1996) and “X”-shaped nuclear dust lanes at several tens pc scale in HST optical
images (Grillmair et al. 1997). Recently, Matsushita et al. (2007) found that most molecular gas is associated with
circumnuclear outflowing structures at several tens pc scale, with little nuclear concentration. They argued that the
hydrogen column density toward the nucleus is apparently much smaller (by more than two orders of magnitude) than
the expectation from the Compton-thick X-ray properties (see also Matsushita et al. 2015; §5.3).
High spatial-resolution MIR imaging of one of the nearest AGNs in M51 would enable us to examine details of the
AGN structure and its circumnuclear region. In the N -band (8–13 µm), ground-based 8–10 m telescopes can achieve
diffraction-limited resolution of 0.′′3–0.′′4, or ∼ 10 pc at a distance of M51. Note that the most powerful high-resolution
imaging/spectral mapping machine at MIR, Very Large Telescope Interferometer (VLTI) with MIDI (MID-infrared
Interferometric) instrument, cannot observe this galaxy due to its declination. In addition, space-based MIR imaging
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and spectroscopy provide the best sensitivity over the larger field of view and larger wavelength coverage at modest
spatial resolution, enabling detailed spectral analysis of the AGN and its circumnuclear region. Therefore, we performed
Subaru MIR imaging observation and analyzed the archival Spitzer data of the AGN in M51 to characterize the AGN
inner structure and effect of the AGN on the circumnuclear region.
2. COMICS DATA AND ANALYSIS
2.1. Observation and Image Processing
Imaging observation in the N -band was made with COMICS (Kataza et al. 2000) at the Subaru telescope on a
night of April 20, 2011 (UTC). We employed four filters, two medium-band continuum filters: “N8.8” (λcen = 8.8 µm;
∆λ = 0.8 µm) and “N10.5” (λcen = 10.5 µm; ∆λ = 1.0 µm), and two narrow-band filters for spectral features:
“UIR11.2” (λcen = 11.24 µm; ∆λ = 0.60 µm) and “[Ne ii]” (λcen = 12.81 µm; ∆λ = 0.21 µm), covering most of the
entire N -band window altogether. One pixel corresponds to 0.′′13 on the sky. The observation was made in a standard
procedure for ground-based MIR observations with secondary mirror chopping. We chopped between the nucleus and
“sky” region at a frequency of about 0.5 Hz, while keeping the M51 nucleus on-chip at both positions (Figure 1). The
sky is 10′′ off the nucleus toward PA= 166◦, and is not a true background sky. It is rather located at relatively smooth
region within M51 between the nucleus and the most inner star-forming ring. While the secondary mirror stays at one
chop position for over ' 1 second, the detector array is read out multiple times, and the instrument computer stacks
them over that period to create a frame, which is a unit for us to process off-line. When the secondary mirror was
chopped toward the nucleus position, the telescope was guided with an independent offset guiding system by using a
nearby bright star. We employed the same chopping pattern both for M51 and photometric standard stars, and we
measured the chop distance by using the standard star observations. We did not employ frequent telescope nodding,
because this chopping method alone gives relatively flat “background” region when subtracting frames between the
two chopping positions. Note that we detected only a compact nucleus at a scale of about one arcsec with all filters,
and everywhere else can be considered effectively as background (§2.2). However, we nodded the telescope at much
longer timescale of ∼ 30 minutes. This is to reduce effect of bad pixels and pixel-dependent calibration errors in the
final stacked images. We measured the nod distance by using partly stacked images of the M51 nucleus itself taken at
the same telescope nod positions.
Flux calibration and monitoring of the photometric/seeing conditions were made based on photometric standard
star observations. We choose HD107274 from Cohen et al. (1999) since it is closest to M51 (' 12◦ away). We also
observed HD120993, the second closest star in the list, when HD107274 went below the telescope elevation of 30◦.
Their in-band fluxes are summarized in Table 1. The standard stars were observed immediately before or after (or
both) each observing session of about 1–2 hours, during which M51 had been observed continuously with one filter, by
using the same filter and the detector readout pattern for the M51 observation. We measured variation of standard
star count rates during the night, and found no significant change (' 4% in the [Ne ii] image and less in the other band
images) during the night. We also measured seeing variation during the night by using the standard star observations,
and found no significant change of the FWHM size of the stars. Table 1 summarizes the observations as well as the
photometric and seeing conditions during the night.
We performed a standard image processing for ground-based MIR imaging observations with secondary mirror
chopping by using our own IDL program. This includes subtraction of chop-paired frames, flat fielding, image shifting
for the secondary-mirror chopping and telescope nodding, and stacking. We also checked photometric conditions of
all individual frames, by measuring the total flux (before subtracting the chop-paired frames) and pixel-to-pixel flux
variation (after subtracting the chop-paired frames and flat-fielding) in the background region away from the M51
nucleus. Both quantities rapidly increase when cloud passes the telescope beam. We removed a small fraction (∼ 5%
for the UIR11.2 image and less for other filter images) of frames taken under poor sky conditions before stacking.
We finally detected a compact structure at the M51 nucleus at ∼ 1′′ scale in all four bands (see below for the radial
profile). No other notable structures such as elongated disks or extended arms are detected.
2.2. PSF Characterization and Radial Profile Analysis of M51 Nucleus
The Point Spread Function (PSF) is carefully characterized with standard star images. Because the PSF was stable
during the night (§2.1), we stacked standard star images for each filter to derive the PSF radial profile (top row of
4 Ohyama, Matsushita, Oi, and Sun
Figure 1. IRAC CH4 (8.0 µm; left) and CH4/CH3 flux ratio (8.0 µm/5.6 µm; right) images of the central region of M51
in linear scale. Dark blue color in the right panel indicates smaller ratio as indicated by a color bar, and the contours (white)
are drawn at the flux ratios of 1.5, 1.8, 2.1, and 2.4. The representative flux ratios are ' 1.5 near the nucleus, ' 2.7 along the
nuclear ring and inner arms, and ' 2.0 in the inter-arm region. The IRAC resolution (' 2.′′0) is shown with a white circle in
the left panel. Our COMICS beam positions (nucleus and “sky” at 10′′ off toward PA= 166◦) are marked with green circles in
both panels. A 6 cm VLA radio map of Crane & van der Hulst (1992) is overlaid with green contours in the right panel.
Table 1. Observation logs and observing conditions.
Filter Diff.-limiteda Exposure Standard Star N stdobs
b Seeing FWHMc Photometryd
Name λcen/∆λ FWHM HD number Flux mean error min max variation
(µm) (′′) (s) (Jy) (′′) (′′) (′′) (′′) (%)
N8.8 8.8/0.8 0.27 401 107274 18.3 1 0.38 0.004 · · · · · · · · ·
N10.5 10.5/1.0 0.32 2406 107274 14.5 2 0.32 0.01 0.31 0.34 0.1
UIR11.2 11.24/0.60 0.35 4390 107274/120993 12.7/32.7 4 0.37 0.01 0.34 0.40 3
[Ne ii] 12.81/0.21 0.39 4122 107274 10.0 4 0.43 0.02 0.41 0.45 4
aTheoretical diffraction-limited resolution.
bNumber of standard star observations during the night.
cMean and its error, minimum, and maximum seeing size during the night measured with the standard stars.
dCount variation in percent of the same standard star observed multiple times during the night.
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Figure 2). Note that, in order to avoid difficulties in handling non-axisymmetric PSFs1 , our analysis of the source
structure and photometries are entirely based on the azimuthally-averaged radial brightness profiles (hereafter, the
radial profiles) of the standard star and M51 images after simply stacking the frames without considering the PSF
rotation. We found that N10.5, UIR11.2, and [Ne ii] images are almost diffraction-limited, while the resolution of the
N8.8 image is worse (Table 1). For the N8.8 and N10.5 images, we smoothed both standard star and M51 images in
the same way to improve the signal-to-noise ratio by convolving a Gaussian kernel of 1.5 pixel (or 0.′′19) FWHM. We
use these smoothed images for the rest of this paper. The PSF radial profiles are apparently made of a sharp core and
an extended structure around it, and they are modeled with B-Spline function.
We performed detailed radial profile analysis of the M51 nucleus. We fit the M51 radial profile with the following
models: single PSF (for an unresolved core only), single Gaussian, double Gaussian (for a compact core + extended
halo), and PSF+Gaussian (for an unresolved core + extended halo). Goodness of the fits is evaluated by using reduced
χ2 and inspection of fit residual (observation − best-fit model) patterns. Note that the reduced χ2 is not very sensitive
to modeling error near the core because there are much larger number of pixels to fit at outer radius. The fit results
are shown in Figure 2 and Table 2.
Table 2. Results of radial profile fitting and photometry of the M51 nucleus.
Filter PSF reduced χ2 of each model Best fit source size FWHM Photometrye
FWHMa PSF Gb G+Gb PSF+Gb Gb corec of G+G halod of PSF+G core+halo core
(′′) (′′) (′′) (′′) (mJy) (mJy)
N8.8 0.45± 0.01f 0.98 0.64 0.65 0.64 0.74± 0.05f 0.33± 0.64f 0.77± 0.10f 15.57± 1.30 1.66± 2.96
N10.5 0.40± 0.00f 1.37 1.11 1.00 1.01 1.14± 0.06f 0.46± 0.07f 1.77± 0.24f 23.05± 1.89 5.71± 0.85
UIR11.2 0.39± 0.02 1.85 1.21 1.03 1.04 0.94± 0.03 0.33± 0.04 1.28± 0.08 35.44± 2.33 7.21± 0.86
[Ne ii] 0.42± 0.01 1.43 1.06 0.98 0.98 0.79± 0.03 0.31± 0.05 1.03± 0.08 65.89± 5.55 15.47± 2.62
aMeasured FWHM size of the PSF radial profile used for the profile fitting of the M51 nucleus. For N8.8 and N10.5, both
stacked standard star and M51 images are smoothed in the same ways to improve the signal-to-noise ratio, and the profile
fitting was made on the radial profiles of those smoothed images. The PSF sizes here for N8.8 and N10.5 are the ones after the
smoothing. See text for the smoothing.
bG = single Gaussian component.
cThe Gaussian component for the core of the double Gaussian model.
dThe Gaussian component for the extended halo component of the PSF+Gaussian model.
eBased on the PSF+Gaussian model.
fAfter applying the smoothing
First, we fit the M51 nucleus radial profile with the single component models. In the N10.5, UIR11.2, and [Ne ii] im-
ages, we found that a fit with a single PSF clearly fails with large reduced χ2 (> 1.0) and the systematic residual pattern
of negative and positive deviation from zero near the nucleus (r . FWHM(PSF)) and outward (r & FWHM(PSF)),
respectively. This indicates presence of additional extended component. The similar, but less pronounced, systematic
deviation of the residual pattern is also seen in the N8.8 image, although the reduced χ2 is smaller in this filter image.
For the N10.5, UIR11.2, and [Ne ii] images, a fit with a single Gaussian is much better with smaller reduced χ2 (& 1.0),
but the fit result shows systematic residual pattern of positive and negative deviation from zero near the nucleus (r .
FWHM(PSF)) and outward (r & FWHM(PSF)), respectively. This indicates presence of additional compact core.
Again, the similar, but less pronounced, systematic deviation of the residual pattern is also seen in the N8.8 image,
although the reduced χ2 is smaller in this filter image. We found that the best fit single Gaussian profile is much
wider than the PSF in all filters, i.e., the M51 nucleus is resolved in all filters. Note that the FWHMs of the single
Gaussian model are consistent with previous measurements by Asmus et al. (2014) under poor sky conditions with
Michelle instrument at Gemini North telescope at the similar wavelengths.
1 COMICS typically shows the non-axisymmetric PSF, most notably the slight trefoil-like PSF core due to non-axisymmetric telescope
structure such as the prime mirror supporting structure. Such PSF rotates on the focal plane as the telescope on the altazimuth mount
tracks the object in the sky and, therefore, simply stacked images show their own complicated averaged PSFs.
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Figure 2. Results of the radial profile fitting of the M51 nucleus. The radial profiles of the standard star and M51 nucleus are
shown in top and the following four rows, respectively. The radial profiles are normalized to be unity at the peak, and are shown
as a function of radius in units of arcsec. The radial profiles of N8.8, N10.5, UIR11.2, and [Ne ii] filter images are shown in the
left most, second, third, and the right most columns, respectively. For the M51 nucleus, both pixel-based observed profile (black
diamonds) and binned profiles within individual radial bins with error bars for one-sigma data scattering (green) are shown.
We used the pixel-based profiles and the binned profiles for the fitting and visual guide, respectively. In each panel, a vertical
green dashed line indicates boundary between the outer region for background subtraction and the object aperture for profile
fitting and photometry. Fitting results with the models of PSF-only, single Gaussian, double Gaussian, and PSF+Gaussian
components are shown in the second, third, fourth, and bottom rows, respectively. The best-fit models are overlaid in the
upper sub-panel, and the noise-normalized residual (sigma=(observation − best-fit model)/noise) profile within the aperture
(black) and the noise-normalized observation data within the background region (cyan) are shown in the lower sub-panel. Here,
the noise is one-sigma uncertainty of the observed (and normalized) profile data. For models including PSF (top, second, and
bottom rows), the best-fit PSF component is shown in blue. For the dual component models (fourth and fifth rows), the best-fit
Gaussian components are shown in red, and sums of the two components (either PSF+Gaussian or double Gaussian) are shown
in black lines.
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We then fit the M51 nucleus radial profile with double (core+halo) component models. In the N10.5, UIR11.2,
and [Ne ii] images, we found that both double Gaussian and PSF+Gaussian models are much better than the single
component models in terms of both smaller reduced χ2 (' 1) and little fit residual patterns. In the double Gaussian
model, widths of the compact Gaussian component (0.′′3–0.′′4 FWHM) are roughly comparable to those of the PSFs,
supporting an idea of presence of an unresolved core at the nucleus. Such unresolved core is naturally expected for
this AGN. Therefore, we prefer a model of PSF+Gaussian for the three filter images. To estimate the upper limit of
the intrinsic core size corrected for the instrumental effect, we assumed that the core intrinsically shows a Gaussian
profile and the observed core is actually a Gaussian-smoothed PSF. We fit the UIR11.2 and [Ne ii] images with the
Gaussian-smoothed PSF for the core and the best-fit Gaussian component for the extended component, and measured
χ2 values for various Gaussian core sizes. We found that the one sigma upper limit of the core size (FWHM) is 8 pc
and 6 pc in UIR11.2 and [Ne ii] images, respectively. We adopt 6 pc as the best estimate of the intrinsic core size
upper limit. As for the N8.8 image, the single Gaussian model is as good as the double component models, and the
single Gaussian fit indicates that this component is extended. We thereby suspect that the N8.8 image is also made
of an unresolved core+halo structure as in the case of other filter images, although we cannot confirm presence of the
core component in this band.
We use the profile fitting results with the PSF+Gaussian model to do photometry of each core and halo component
of the M51 nucleus in all four filter images (Table 2). Figure 3 shows the resultant SEDs of the M51 nucleus. The
core+halo SED is rather flat with slightly increasing flux at longer wavelength. Flux ratios between the core and halo
are about 0.3 in all filters, implying that each of the core and halo SEDs shows the similar flat SED.
2.3. Comparison with Michelle Photometries
We compare the COMICS core+halo photometries with the previous measurements by Asmus et al. (2014). They
used Michelle instrument at the Gemini North telescope, and employed two medium-band “silicate” filters: “Si-5”
(λcen = 11.6 µm; ∆λ = 1.1 µm) and “Si-6” (λcen = 12.5 µm; ∆λ = 1.2 µm). Note that the Si-6 filter includes [Ne ii]
but its width (1.2 µm) is much wider than the [Ne ii] filter of COMICS (0.21 µm). Because of poor seeing, they simply
reported that the nucleus could be marginally resolved. We compare our core+halo photometries with their single
Gaussian fitting photometries (top and middle panels of Figure 3). This is because they claimed that their PSF-fitting
photometry is not reliable under poor seeing conditions but the Gaussian fitting photometry is reliable to measure the
total flux from the nuclear region. We found that the COMICS UIR11.2 (11.2 µm) flux is consistent with the Michelle
Si-5 (11.6 µm) flux, whereas the COMICS [Ne ii] (12.8 µm) flux is notably higher than the Michelle Si-6 (12.5 µm)
flux. We examine this difference in combination with the Spitzer data in §4.1 below.
3. SPITZER DATA AND ANALYSIS
M51 was observed by Spitzer as a part of the SINGS survey (Kennicutt et al. 2003), and a number of papers were
already published for this galaxy (e.g., Brunner et al. 2008; Mun˜oz-Mateos et al. 2009a,b; Diamond-Stanic & Rieke
2010; Schinnerer et al. 2013). We retrieved both CH3 (5.8 µm) and CH4 (8.0 µm) IRAC (Fazio et al. 2004) mosaic
images, and SL1 and SL2 (covering 5 − 15 µm in total) IRS (Houck et al. 2004) spectral cubes (reconstructed from
slit-scanning data) from the SINGS DR2 data distribution. We aligned both SL1 and SL2 cubes to form a single
cube for our study. Both CH3 and CH4 images trace hot dust continuum and Polycyclic Aromatic Hydrocarbon
(PAH) emission features (e.g., Schinnerer et al. 2013), and a compact (but slightly resolved) nucleus and surrounding
ring/spiral-arm structures are evidently seen at a few tens arcsec scale in these bands (Figure 1). They show a clear
contrast to both IRAC CH1 (3.6 µm) and CH2 (4.5 µm) images, which trace the stellar distribution showing an
extended bulge structure around the nucleus (Schinnerer et al. 2013). The IRS cubes also show similar structures as
seen in the IRAC images, but the nucleus is not spatially resolved with IRS (see Brunner et al. 2008 for full details).
To enable direct comparison between the IRS spectra and the COMICS photometries, we extracted IRS spectra
from the cubes both on the nucleus and at the off-nucleus “sky” region of the COMICS chopping observation (§2.1;
top panel of Figure 3). Aperture size of each region is 3 × 3 pixels of the IRS cube (5.′′6 × 5.′′6). This size is large
enough to include most of the flux from the unresolved IRS nucleus, but it is much larger than typical scale of the
nucleus seen with COMICS (§2.2). These spectra are very similar to those presented by Diamond-Stanic & Rieke
(2010) (their Figure 3), although their spectra are extracted with slightly different extraction box size (3.′′6× 2.′′7) and
their off-nuclear spectrum is extracted at the different location. A “chopped” nuclear IRS spectrum was also made
by subtracting the “sky” spectrum from the nuclear one (middle panel of Figure 3). Synthetic photometries on these
three IRS spectra for the COMICS filters are made to compare with the COMICS photometries.
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Figure 3. The nucleus and off-nucleus (spectro)photometries of M51. (top) The nuclear (thin black line) and off-nuclear
(thin red line) IRS spectra and their corresponding synthetic photometries for the COMICS filters (diamonds) are shown.
Wavelengths of the detected emission lines and the PAH features are marked, and the PAH features are identified. The observed
COMICS photometries of the core+halo (blue solid) and the core (blue broken) components are overlaid. The observed Michelle
photometries from Asmus et al. (2014) (with Gaussian profile fitting; cyan) are compared. (middle) The chopped nuclear IRS
spectrum, which is the difference between the two IRS spectra in the top panel, is shown in magenta, and the corresponding
synthetic photometries for the COMICS and Michelle filters are overlaid in magenta diamonds and triangles, respectively.
Wavelengths of the detected emission lines are identified. The same observed COMICS and Michelle photometries in the upper
panel are also shown with the same colors and symbols for comparison. (bottom) The COMICS core photometries (blue broken)
are compared with the synthetic photometries of the scaled IRS off-nuclear spectrum (red diamonds) and of the scaled chopped
nuclear IRS spectrum (magenta diamonds). Here, the scaling on the chopped nuclear IRS spectrum is based on the typical flux
ratio between the core and halo COMICS photometries (0.3; §2.2), and the scaling on the off-nuclear IRS spectrum is arbitrary
to match the original synthetic photometries of the off-nuclear IRS spectrum to the observed COMICS core photometries.
The nuclear and off-nuclear IRS spectra show numbers of differences (top panel of Figure 3). The off-nuclear
spectrum is similar to that of typical star-forming region (e.g., Smith et al. 2007; see also Diamond-Stanic & Rieke
2010). On the other hand, as originally proven by Diamond-Stanic & Rieke (2010), the nuclear spectrum shows
stronger [Ne ii]λ12.81 µm, [Ne v]λ14.32 µm, [S iv]λ10.51 µm, and pure-rotational H2 lines (0 − 0 S(5) at 6.91 µm,
0 − 0 S(4) at 9.03 µm, 0 − 0 S(3) at 9.67 µm, and 0 − 0 S(2) at 12.28 µm), with weaker PAH 6.2 µm and 7.7 µm
features (see also Dudik et al. 2007; Pereira-Santaella et al. 2010). The chopped nuclear IRS spectrum is quite different
from both nuclear and off-nuclear spectra (middle panel of Figure 3). It is flat-continuum dominated with little PAH
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features, and shows only fine structure lines such as [Ne ii], [Ne v], and pure-rotational H2 lines. We found that the
[Ne ii]/[Ne v] flux ratio is about 4.
The IRAC CH4/CH3 flux ratio image shows a trend within a few tens arcsec from the nucleus, in a sense that the
ratio is smallest at the nucleus and it gradually becomes larger with increasing radius from the nucleus (Figure 1).
Beyond this radius, the ratio image shows structures such as a circumnuclear ring and inner arms, where the ratio is
relatively enhanced. Because the nuclear IRS spectrum shows weaker PAH 7.7 µm feature (top panel of Figure 3),
which is usually prominent in the CH4 band in star-forming regions, the smaller CH4/CH3 flux ratio around the
nucleus is likely due to weaker PAH features.
4. RESULTS
4.1. Core+Halo SED
The COMICS core+halo SED of the M51 nucleus is quite different from typical SED of star-forming objects and
the IRS off-nuclear spectrum of M51 (top panel of Figure 3), and is instead consistent with the chopped nuclear IRS
spectrum showing little PAH features (middle panel of Figure 3). When compared to the Michelle photometries of the
M51 nucleus (Asmus et al. 2014), the COMICS UIR11.2 (11.2 µm) flux is consistent with the Michelle Si-5 (11.6 µm)
flux, whereas the COMICS [Ne ii] (12.8 µm) flux is notably higher than the Michelle Si-6 (12.5 µm) flux (§2.3). In an
attempt to explain the difference, we made the synthetic photometries of the chopped nuclear IRS spectrum for the
two Michelle filters (top and middle panels of Figure 3). We found that the COMICS [Ne ii] flux is larger than the Si-6
flux because the [Ne ii] filter just covers the [Ne ii] line whereas the Si-6 filter also covers the adjacent continuum due to
its wider filter width. Therefore, both COMICS core+halo and Michelle photometries are consistent with the chopped
nuclear IRS spectrum after considering difference in the filter widths. The Spitzer and ground-based photometries
match to each other despite of their different spatial resolutions, suggesting that a single compact core+halo component
is located at the nucleus over the extended host-galaxy component showing the typical PAH features. The relatively
weaker PAH feature strength in the nuclear IRS spectrum (top panel of Figure 3; Diamond-Stanic & Rieke 2010) is
apparently due to this core+halo component showing little PAH features.
4.2. Core SED
The COMICS core SED can be interpreted as either the PAH-deficient chopped nuclear IRS spectrum or the AGN
emission. The bottom panel of Figure 3 directly compares the synthetic photometries of the scaled chopped nuclear
IRS spectrum with the COMICS core SED to illustrate a good match given the error bars. Here, the scaling is to
account for the flux ratio between the core and core+halo SEDs (§2.2). This indicates that the core SED can be
explained by spectrum showing little PAH features in the same way for the core+halo SED. Alternatively, the core
SED can be explained by an absorbed power-law continuum of the AGN. To demonstrate this, we applied an absorption
on type-1 AGN SED template of Polletta et al. (2007) by an apparent optical depth at 9.7 µm (τ9.7) of ∼ 1.5 (top
panel of Figure 4). Here, we assumed simple foreground dust absorption with an extinction curve of Chiar & Tielens
(2006) toward the Galactic center. We found that this model, though it is unrealistically simple, can reproduce the
observation reasonably well, except for N8.8 where the photometry quality is the worst. Note that this optical depth
is much larger than that measured with IRS (τ9.7 =0.0–0.04; Goulding et al. 2012). This is most likely due to less
contamination at the COMICS resolution by circumnuclear less-absorbed star-forming region.
We further examine the AGN models for the core SED by using the recent sophisticated AGN SED models with
clumpy torus. It has been known that the observed shallower silicate absorption at 9.7 µm even in the Compton-think
AGNs can be reproduced by the AGN clumpy torus (e.g., Nenkova et al. 2002). Recent more advanced radiative-
transfer calculations for the clumpy torus medium not only successfully reproduce the MIR SEDs of both type-1 and
type-2 AGNs but also provide the basis to compare with the observed spatial distribution of the infrared emission
in the central parsec-scale regions of AGNs in the interferometric studies (e.g., Ho¨nig & Kishimoto 2010; Stalevski
et al. 2012, 2016). There are three groups in the model parameters: those that define the intrinsic radiation from
the accretion disk, dusty torus properties such as size and density distribution as well as the dust composition, and
observer’s viewing angle of the torus. The AGN luminosity sets overall flux scale of the emergent SED, not the relative
SED shape, as long as the inner torus radius is set at the dust sublimation temperature, due to scaling relation of
the AGN torus radiation (e.g., Nenkova et al. 2008a). The relative SED shape is then determined mostly by overall
torus shape (opening angle of the central dust-free zone of the torus and outer radius of the torus), distribution of
dusts (or dust clouds) within the torus, average optical depth (or mean optical depth of each clump and the average
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number of the clumps) along the torus equatorial plane, as well as the viewing angle. In particular, two most important
characteristics of the observed MIR SED, the apparent depth of the silicate absorption at 9.7 µm and the overall slope
(redness) of the continuum, are mostly determined by the combination of the radial dust distribution, the average
optical depth along the torus equatorial plane, and the viewing angle (e.g., Ho¨nig & Kishimoto 2010).
We performed the model fitting of the core SED by using two representative AGN SED models with clumpy torus,
CAT3D (Ho¨nig & Kishimoto 2010) and SKIRTOR 2.0 (Stalevski et al. 2016; see also Stalevski et al. 2012). These two
models are very similar in overall settings of the accretion disk radiation and the torus geometry/distributions of the
dusts within the torus, although there are numbers of differences in the details of the parameterization of the models,
as well as the technical details of the calculations. The AGN luminosity is estimated by using the core [Ne ii]-filter
flux (νLν(12.3 µm)= 2.1 × 1040 erg s−1) and the MIR bolometric correction factor estimated by using equation (5)
of Gandhi et al. (2009), which is based on their MIR and X-ray luminosity correlation and the X-ray bolometric
correction factor of Marconi et al. (2004). Some parameters that do not affect the MIR SED very much, such as dust
composites (both in CAT3D and SKIRTOR 2.0), outer radius of the torus (in CAT3D), and fraction of the total dust
mass within the clump (in SKIRTOR 2.0), are fixed to the fiducial values according to the model papers. Middle
and bottom panels of Figure 4 show all acceptable model SEDs for the two models, and Table 3 summarizes their
parameters. In both models, relatively larger average optical depth in the equatorial plane of the torus (τV × N0 in
CAT3D and τ9.7 in SKIRTOR 2.0; see Table 3) and flatter radial distribution of the dusts (near-zero power-law index
as a function of the distance from the center; a in CAT3D and p in SKIRTOR 2.0; see Table 3) are preferred. This,
combined with the nearly edge-on viewing angle, provides preferred conditions to see the silicate feature in absorption
on the redder continuum (Ho¨nig & Kishimoto 2010; Stalevski et al. 2012, 2016).
4.3. Halo SED
The halo SED is similar to the chopped nuclear IRS spectrum, because the core and halo SEDs are similar to each
other (§2.2), and the core+halo SED is consistent with the chopped nuclear IRS spectrum (§4.1). In particular, the
[Ne ii] 12.8 µm emission is likely associated with the halo. This is because the [Ne ii] emission is present around
the nucleus at the core+halo scale as demonstrated by the difference between the COMICS core+halo SED and the
Michelle SED at around 12.5–12.8 µm (§2.3; 4.1), and the core SED is most likely the dust thermal emission around
the AGN as we discuss next (§5.1).
5. DISCUSSION
5.1. Nature of the Nuclear Unresolved Core: an Absorbed AGN or a Compact Star-Forming Cluster?
Our upper limit of the core size and the core photometry give very high MIR surface brightness lower limit, but
we cannot exclude a possibility of a very compact nuclear star cluster. Siebenmorgen et al. (2008) compiled nuclear
surface brightness of nearby AGNs at ' 11 µm measured with 8–10 m telescopes. They demonstrated that the surface
brightness of the AGNs is > 2 × 104 L/pc2, and showed that the surface brightness of 2 × 104 L/pc2 is a useful
diagnostic threshold to separate AGNs from compact nuclear starbursts. The MIR luminosity of the M51 core is
νLν(11.2 µm)= 1.1× 1040 erg s−1 (from the core UIR11.2-filter flux), and the core size upper limit is 6 pc (FWHM;
§2.2). We found that the surface brightness is > 1.0 × 104 L/pc2, indicating that the core MIR surface brightness
is almost comparable to that of known AGNs. We caution that the surface brightness of the M51 core is less than
the threshold by a factor of two, and very compact nuclear starbursts can have comparably large surface brightness
of ' 1× 104 L/pc2 (Siebenmorgen et al. 2008). Therefore, we cannot conclude that the AGN dominates the core in
MIR emission on the basis of the MIR surface brightness argument.
We examine MIR-to-X-ray luminosity ratio of the core in an attempt to identify its nature, because both an absorbed
AGN and a compact star-forming cluster with deficient PAH features can explain the MIR SED (§4.2). AGNs are
much more luminous in X-ray at & 2 keV than star-forming clusters for given MIR luminosity (e.g., Ranalli et al. 2003;
Ballantyne 2008), and we test if the ratio of the absorption-corrected intrinsic X-ray and MIR luminosities of the core
is consistent with the AGNs. Asmus et al. (2015) showed that the MIR luminosity and the intrinsic X-ray (2–10 keV)
luminosity corrected for the absorption based on the X-ray spectral fitting show a good linear correlation among the
local AGNs (see also Horst et al. 2006, 2008, 2009; Gandhi et al. 2009). They used single-dish MIR observations
with 8m-class telescopes, like our observation with Subaru 8.2m telescope. High spatial-resolution MIR photometry is
essential to reduce the contamination by the circumnuclear regions and isolate the properties of the AGNs (e.g., Horst et
al. 2006, 2008, 2009; Gandhi et al. 2009). The correlation is found independent of the two types of the AGNs including
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Figure 4. The same figure of Figure 3 bottom panel but for the comparison between the COMICS core SED (blue broken line)
and the AGN model SEDs of the clumpy torus. (top) The COMICS core SED is compared with the scaled unabsorbed type-1
AGN SED (green broken line) and an absorbed one for τ9.7 = 1.5 (green solid line). Synthetic photometries of the absorbed
AGN SED for the COMICS filters are shown with green diamonds. (middle) All acceptable CAT3D SED models (Ho¨nig &
Kishimoto 2010). (bottom) All acceptable SKIRTOR 2.0 SED models (Stalevski et al. 2016). We plot the total SED including
the thermal emission from the dusty torus and the absorbed/scattered accretion-disk components, although the thermal dust
emission dominates at MIR.
the Compton-thick AGNs, although the Compton-thick AGNs show slightly lower MIR luminosity by . 0.15 dex for
the same X-ray luminosity when compared to the rest. Note that this MIR luminosity offset is smaller than the overall
scatter of the correlation (< 0.4 dex), making this correlation useful to diagnose the AGN nature of the MIR core in the
Compton-thick AGN of M51. Asmus et al. (2015) already included M51 in their correlation analysis by using their own
Michelle photometry data (Asmus et al. 2014), and showed that M51 dose follow the correlation. By using equation
(2) of Asmus et al. (2015), we predict the intrinsic X-ray luminosity as L(2–10 keV)= 1.4× 1040 erg s−1 from the core
12 µm luminosity (2.1×1040 erg s−1 from the core [Ne ii]-filter flux). For comparison, the observed absorbed-corrected
X-ray luminosity (converted to our assumed distance of 7.1 Mpc) is log L(2–10 keV)= 40.48± 0.6 erg s−1 (Asmus et
al. 2015). This measurement is based on multi-epoch observations with Chandra and XMM-Newton satellites, and the
uncertainty includes differences among the observations (see Asmus et al. 2015 and references therein). Note that this
result is consistent with the BeppoSAX measurement (L(2–10 keV)= 9.1×1040 erg s−1) by Fukazawa et al. (2001). We
found that the observed X-ray luminosity is 0.34 dex larger than the prediction from the MIR luminosity for general
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Table 3. Fit results of the COMICS core SED with the AGN model SEDs of the clumpy torus.
parameter name and its description parameter space acceptable parameter rangea
CAT3D (Ho¨nig & Kishimoto 2010)
a: radial dust cloud distribution index (ra) 0.0...−2.0 (in steps of 0.5) 0.0..−0.5 (mostly 0.0)
τV: optical depth of the individual clouds at V band 30, 50, 80 80
N0: number of clouds along an equatorial line-of-sight 2.5...10 (in steps of 2.5) 7.5..10 (mostly 10.0)
θ0: half-opening angle of the torus 5
◦, 30◦, 45◦, 60◦ 5◦..60◦
Rout: outer radius of the torus 150
b 150
i: inclination anglec 0◦..90◦ (in steps of 15◦) 60◦..90◦ (mostly 90◦)
dust composition “standard”d ISMb “standard”d ISM
SKIRTOR 2.0 (Stalevski et al. 2016)
p: radial gradient of dust density (r−p)e 0.0...1.5 (in steps of 0.5) 0.0..1.0 (mostly 0.0..0.5)
q: dust density gradient with polar angle (exp(−q |cos(θ)|))e 0.0...1.5 (in steps of 0.5) 0.0..1.5 (mostly 0.0..0.5)
τ9.7: average edge-on optical depth at 9.7 µm 3..11 (in steps of 2) 7..11
Θ: angle between the equatorial plan and edge of the torusf 10◦..80◦ (in steps of 10◦) 50◦
R: outer-to-inner torus radius ratio (Rout/Rin) 10, 20, 30 20, 30
fcl: fraction of total dust mass inside clumps 0.97
b 0.97
i: inclination anglec 0◦..90◦ (in steps of 10◦) 60◦..90◦ (mostly 80◦..90◦)
aWe show both the entire ranges of the acceptable parameters and the narrower ranges if the accepted parameters distribute
mostly in the narrower ranges.
bOnly the SEDs with this fiducial parameter are publicly available.
c i = 0◦ for face-on and 90◦ for edge-on viewing angles.
dStandard in terms of both grain size and chemical composition. See Ho¨nig & Kishimoto (2010).
er and θ are coordinates in the adopted polar coordinate system. See Stalevski et al. (2012, 2016) for the details.
fHalf-opening angle of the dust-free cone is 90◦ −Θ.
AGN populations, or is 0.19 dex larger for the Compton-thick AGNs if we consider the above-mentioned systematic
offset. Because this difference is smaller than the uncertainty of the observed X-ray luminosity (0.6 dex), we conclude
that our core MIR photometry is consistent with the MIR–X-ray luminosity correlation of the AGNs.
How can we explain discrepancy between the MIR and X-ray measurements of the hydrogen column density toward
the AGN? In the simple absorbed AGN model with foreground absorption (§4.2), the apparent optical depth at the
silicate absorption (τ9.7 ∼ 1.5) corresponds to NH ∼ 3 × 1022 cm−2. This order-of-magnitude estimate is based on
the AV/τ9.7 conversion (= 9; Chiar & Tielens 2006) and a standard gas-to-dust ratio within the Galactic interstellar
medium (NH/AV = 1.9 × 1021 cm−2 mag−1). This absorption is much smaller than expected for the Compton-thick
column density measured in the X-ray (NH ∼ 5.6×1024 cm−2; Fukazawa et al. 2001; NH & 2×1024 cm−2; Asmus et al.
2015) in spite of considerable uncertainties in this very simple model and the conversion factors. However, the clumpy
AGN torus is known not to create very deep silicate absorption even in the Compton-thick condition (§1). In fact, we
found that the model SEDs of the AGN clumpy torus (CAT3D; Ho¨nig & Kishimoto 2010; SKIRTOR 2.0; Stalevski
et al. 2016) reproduce the observed core SED reasonably well (§4.2). As expected, the hydrogen column density of
the acceptable models is much larger than the estimate based on the apparent small optical depth at 9.7 µm: For
example, with CAT3D models, the average total optical depth in the equatorial plane of the torus is τV ×N0 ' 800
(Table 3), corresponding to NH ∼ 1.5 × 1024 cm−2 in the edge-on viewing angle with the same standard gas-to-dust
ratio. Therefore, the AGN clumpy torus models acceptable for the MIR core SED are consistent with the X-ray
observations in terms of the hydrogen column density toward the AGN.
We need to caution that, although we successfully demonstrated that the AGN clumpy torus models can reproduce
the core MIR SED, there is no direct hint to suggest that the torus structure dominates the MIR emission in M51.
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Even though such model SEDs are known to represent AGN SEDs in general reasonably well (e.g., Nenkova et al. 2002;
Ho¨nig et al. 2006; Nenkova et al. 2008a,b; Ho¨nig & Kishimoto 2010; Stalevski et al. 2012, 2016), there is mounting
evidence recently to indicate that most of the MIR emission comes from the extended polar region of the AGNs, rather
than from the torus as expected in the AGN unification theory (§1). In addition, although our argument based on
the MIR and X-ray luminosity correlation indicates that the AGN dominates the core MIR SED, this dose not mean
that the emission comes from the AGN torus. Asmus et al. (2016) showed based on their 8m single-dish observations
of nearby AGNs at MIR that some small fraction of their sample with sufficiently good observations shows the polar
extensions, suggesting that such polar extension commonly exists in AGNs. Because the MIR and X-ray luminosity
correlation we used in our discussion is based on the total MIR luminosities of the compact nucleus including the (not
well resolved) polar components (Asmus et al. 2015), our correlation analysis may suggest similar polar component
in the M51 AGN at MIR. Therefore, we need to wait for the future MIR interferometric observations to reveal the
structure of the MIR core in M51.
5.2. MIR Signatures of AGN Influence on Circumnuclear Region at . 100 pc scale
We found a signature of AGN influence in the nuclear IRS spectrum that shows remarkable differences from the
off-nucleus one, and in the IRAC CH4/CH3 flux ratio map. Previously, the AGN influence is found in the nuclear
concentration of the hot (T =400–1000 K) H2 gas (Brunner et al. 2008), the enhanced high-ionization (97.1 eV) line
of [Ne v] (Diamond-Stanic & Rieke 2010; §3), and PAH deficiency at the nucleus at the IRS resolution (Diamond-
Stanic & Rieke 2010; see also §4.1). The PAH-deficient MIR spectrum is typically seen in AGNs (e.g., Howell et al.
2007; Smith et al. 2007), and is most likely due to destruction of PAH particles in the circumnuclear region due to
intense hard photons from AGN and/or strong shock associated with AGN jet (e.g., Voit 1992; Diamond-Stanic &
Rieke 2010). In addition, we found the smaller IRAC CH4/CH3 flux ratio at ' 200 pc scale around the nucleus well
beyond the IRAC resolution (' 2.′′0 FWHM or 70 pc; Figure 1), which is likely due to deficient PAH features in the
CH4 (the 7.7 and 8.6 µm features) that are typically very bright in the star-forming regions (§3). The region with
the smaller CH4/CH3 flux ratio roughly coincides with the extended radio jet (e.g., Crane & van der Hulst 1992;
Bradley et al. 2004; Rampadarath et al. 2015), optical narrow-line region nebula (e.g., Cecil & Rose 1984; Bradley et
al. 2004), the soft X-ray nebula (Terashima & Wilson 2001), and the jet-entrained shocked outflowing molecular-gas
clouds (Matsushita et al. 2007, 2015). The IRAC flux ratio is smallest near the nucleus, where the chopped nuclear
IRS spectrum shows little PAH emission (§4.1). These characteristics indicate more pronounced PAH destruction
near the AGN. The nuclear [Ne v] emission also suggests significant AGN contribution at the nucleus at the IRS
resolution, because this line is usually considered as a tracer of either excitation by AGN hard photons or strong shock
(e.g., Pereira-Santaella et al. 2010). The observed [Ne ii]/[Ne v] flux ratio (' 4; §3) is only one tenth of the one in
star-forming regions (∼ 57) and is much closer to the one in Seyfert galaxies (∼ 2; Pereira-Santaella et al. 2010).
What is the nature of the extended halo found in the COMICS images at a few tens pc scale? The halo SED is similar
to the chopped nuclear IRS spectrum (§4.3), suggesting the circumnuclear star formation showing little PAH emission
as we discussed above. Alternatively, the halo could be the very extended polar MIR emission of AGNs sometimes
seen even with the single-dish observations (e.g., Asmus et al. 2016; §1). In fact, the MIR-to-X-ray luminosity ratio
by using the combined COMICS core+halo flux, log L(12 µm)/L(2–10 keV)= 0.49 ± 0.6, is still consistent with the
AGNs in general in the sample of Asmus et al. (2015). However, the former star formation model seems preferred to
explain the strong [Ne ii] emission in the halo (§4.3). This is because strong [Ne ii] is typically associated with the
star forming region (e.g., Diamond-Stanic & Rieke 2010), whereas the dust continuum emission dominates, without
any significant [Ne ii] emission, in the extended polar regions in the interferometric spectroscopies of the best-studied
nearby AGNs showing the polar emission (e.g., Raban et al. 2009; Ho¨nig et al. 2012, 2013; Tristram et al. 2014). If
this is the case, the halo is likely the circumnuclear star-forming regions affected by the central AGN, like in the case
of the more extended region traced by the smaller IRAC CH4/CH3 flux ratio.
5.3. Implications for a Parsec-scale Dusty Torus in M51 AGN
Previous molecular line observations in mm/sub-mm wavelength have shown much smaller hydrogen column density
toward the M51 nucleus than expected for the Compton-thick AGN. This discrepancy, however, can be explained if the
molecular gas is mostly associated with an one-parsec-scale torus. Matsushita et al. (2007) found a compact nuclear
molecular-gas concentration at 0.′′31× 0.′′40 resolution, which is likely associated with the MIR core, because the halo
is more extended to ' 1′′ FWHM. They calculated the H2 column density of 6.2 × 1021 cm−2 (or NH ' 1.2 × 1022
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cm−2) toward the nucleus. Here, they measured the emission-line luminosity and converted it to the hydrogen number
by assuming metallicity and excitation conditions of the gas. They also assumed that the source extends just over
the observing beam. Matsushita et al. (2015) then studied physical conditions of the molecular gas based on multi-
line/multi-transition molecular-line analysis, and found that effect of gas excitation and metallicity alone cannot
explain apparently very small column density reported earlier. On the other hand, the beam dilution effect seems to
significantly affect the column density measurement. We showed in this study that the MIR core is unresolved with the
0.′′39 (13 pc) FWHM beam, and the one-sigma upper limit is 0.′′18 (6 pc) FWHM (§2.2). If we adopt 1 pc as a fiducial
torus size following statistics of nearby AGNs studied by infrared interferometry (Kishimoto et al. 2011; Burtscher et
al. 2013) and assume that most of the molecular gas is associated with this very compact torus, the column density is
now calculated to be ∼ 1 × 1024 cm−2. Matsushita et al. (2007) already did the same calculation, but we now have
better size constraint of the M51 core as well as better statistics of the AGN torus size in infrared. Matsushita et al.
(2015) argued that mean gas density of the torus in this case is ∼ 3 × 105 cm−3, being roughly consistent with their
multi-line/multi-transition molecular-line analysis results (∼ 106 cm−3). Therefore, a model of one-parsec-scale, dusty,
and molecular-gas-rich torus can solve the apparent column density discrepancy between the X-ray and molecular-line
measurements. Although we cannot conclude in this study that the MIR core is attributed to the AGN torus (§5.1),
future study of the M51 AGN at even higher spatial resolution in both infrared and sub-mm/mm wavelengths would
provide us a direct view of not only the material distribution but also the fueling and feedback processes in the vicinity
of the AGN.
6. CONCLUSIONS
We performed near-diffraction-limited (' 0.′′4 FWHM resolution) N -band imaging of one of the nearest Compton-
thick AGNs in M51 with COMICS at the Subaru telescope to study the nuclear structure and SED at 8–13 µm. We
also analyzed the archival Spitzer MIR imaging and spectroscopy data. We then characterized properties of the AGN
and the circumnuclear region at 10–100 pc scale. Here we summarize our main findings and the implications.
We decomposed the M51 nucleus into an unresolved (at 0.′′39 FWHM resolution at 11 µm) core and an extended
halo at ∼ 1′′ scale in the N -band. We estimated the intrinsic core size corrected for the instrumental effect as < 6 pc
(1σ). We measured the MIR surface brightness of the M51 core at 11.2 µm to be > 1.0× 104 L/pc2. Although this
surface brightness is almost comparable to that of known AGNs (> 2 × 104 L/pc2; Siebenmorgen et al. 2008), it is
not high enough to exclude a possibility of a very compact nuclear star cluster as an origin of the core.
The core+halo SED is almost flat with slightly increasing flux at longer wavelength. In order to interpret this SED,
we made the “chopped” nuclear IRS spectrum to follow the COMICS chopping observation by subtracting the off-
nuclear “sky” spectrum from the nucleus one. This shows continuum-dominated spectrum with molecular hydrogen
and [Ne ii] 12.8 µm emission lines but little PAH emission. We found that the core+halo SED is reproduced by this
PAH-deficient starburst spectrum. The SED of the halo alone is similar to the core+halo SED, and is also reproduced
by similar PAH-deficient spectrum with the [Ne ii]. In addition, we found that the IRAC 8.0 µm/5.6 µm flux ratio
is smaller within ∼ 200 pc from the nucleus, also suggesting deficient PAH 7.7 and 8.6 µm features that are typically
very bright in the star-forming regions. The PAH particles in the circumnuclear region are likely destroyed either by
intense hard photons from the AGN and/or strong shock associated with the AGN jet.
The core SED is similar to the core+halo SED, and it can be reproduced by a star-forming cluster within the
core showing the PAH-deficient spectrum. Alternatively, the AGN clumpy torus model SEDs (Ho¨nig & Kishimoto
2010; Stalevski et al. 2016) can reproduce the red MIR continuum with moderate apparent silicate 9.7 µm absorption
(τ9.7 ∼ 1.5). Although we cannot discriminate the two possibilities on the basis of the MIR SED examination, we
found that the observed ratio of the MIR and absorption-corrected intrinsic X-ray (2–10 keV) luminosities is consistent
with the one for AGNs in general. Therefore, the core is likely dominated by the AGN in MIR emission.
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